Measurement of photons via conversion pairs

with the PHENIX experiment at RHIC

A Thesis Presented
by
Torsten Dahms
to
The Graduate School
in Partial Fulfillment of the Requirements

for the Degree of

Master of Arts
in
Physics
Stony Brook University

May 2005



Stony Brook University
The Graduate School

Torsten Dahms

We, the Thesis committee for the above candidate for the Master of Arts
degree, hereby recommend acceptance of the Thesis.

Axel Drees, Thesis Advisor

Professor, Department of Physics and Astronomy, Stony Brook University

Edward Shuryak

Professor, Department of Physics and Astronomy, Stony Brook University

Michael M. Rijssenbeek

Professor, Department of Physics and Astronomy, Stony Brook University

This Thesis is accepted by the Graduate School.

Dean of the Graduate School

1



Abstract of the Thesis
Measurement of photons via conversion pairs
with the PHENIX experiment at RHIC
by
Torsten Dahms
Master of Arts
in
Physics
Stony Brook University

2005

Thermal photons detected by PHENIX can provide information about the
temperature of a possible QGP produced at RHIC. We present a new method
identifying photons by measuring ete —pairs from photon conversions in the
beam pipe.

These conversions are reconstructed in PHENIX under the assumption that
the tracks originate from the collision vertex. This effectively leads to a misre-
construction of the electron momenta. As a result the conversion pairs acquire
an apparent mass and a characteristic orientation relative to the magnetic field
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direction. These properties can be used to distinguish conversion pairs from
Dalitz decays.

We demonstrate the feasibility of this method and show a photon pt spec-
trum in the region of 0.8-2.4 GeV/c from Au + Aucollisions at /syy =

62.4 GeV.
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Chapter 1

Introduction

1.1 Quark Gluon Plasma and RHIC

The Relativistic Heavy Ion Collider at the BNL and its four experiments
PHENIX, BRAHMS, PHOBOS and STAR were build to search for a new
state of matter in Au + Au collisions — the quark-gluon plasma (QGP). Ac-
cording to QCD, quarks are confined to hadrons and exist only in pairs of
two or three. They are held together by the exchange particles of the strong
interaction, the gluons. The strength of this force depends on the coupling

constant o, which depends on the momentum transfer ¢2:

1

I (@/0%) (1)

Qg ~~

For small distances the coupling constant is small and the quarks act as

1



quasi free particles. This behavior is called asymptotic freedomE] [1] and a
perturbative description is possible. For large distances a; increases and the
quarks will be confined; a non perturbative approach is possible [5].
Calculations for high temperatures propose a phase shift to a state of de-
confined quarks and gluons at a critical temperature of T, ~ 170 MeV; this
state is called the quark-gluon plasma [6]. The increase of the energy density

as predicted in recent lattice QCD calculations [7] is shown in Fig. [I.1]

160 | | | | | -
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Figure 1.1 Results from lattice QCD [7] for the energy density/T* as a function of

T/T..

At the beginning of the universe, us after the “Big Bang” such a state

'David J. Gross, H. David Politzer and Frank Wilczek have been awarded with the Nobel
Prize in Physics in 2004 for the discovery of asymptotic freedom in the theory of the strong

interaction [2, [3] and [4]



existed before the university cooled down and expanded further. During the
expansion the strong interaction force increased and confined the quarks and
gluons to hadrons. The RHIC experiment was designed to recreate a QGP

with low baryon densities. A phase diagram is shown in Fig.

QGP Myd = 0; m,=rco

150 MV |n - —_
=~ o Tricritical Poing

Hadronie

28C

A

1 ey
Nutlear Matter _,_/ #

Figure 1.2 Theoretical phase diagram as a function of temperature and baryon

chemical potential. [§].

Since the first data from Au+ Au collisions at RHIC were taken, there was
a large effort to find evidences of the QGP. However, due to the confinement of
quarks and gluons after the hadronization process one has to rely on indirect
observables that prove the creation of a QGP in Au+Au collisions. A summary
of the present accomplishments can be found in the PHENIX Whitepaper [g].
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1.2 Thermal Photons

In order to obtain information from the earliest and hottest stage of the QGP,
direct photons are a very promising signature [9]. Because they do not in-
teract strongly they escape the medium unaffected of final state interactions.
Thermal photons are emitted like black body radiation from QGP. Microscop-
ically, the main production mechanisms are quark-gluon Compton scattering
q9 — 7q, quark-antiquark annihilation ¢¢§ — ¢ and bremsstrahlung [10] in-
volving thermalized partons. Other sources of direct photons are also produced
in initial hard scattering processes which involve the same reactions but among
the incoming particles.

A calculation for RHIC energies has been done in [9] which predicts a
pr window for thermal photons at 1-3 GeV /c (see Fig. [L.3).

The first measurement of direct photons in ultra-relativistic heavy-ion col-
lisions has been made at the CERN WA98 experiment at SPS [I1]. The result
is shown in Fig.[1.4] Direct photons have been found to be present at the 10 %
most central events of Pb + Pb collisions in the pr range above 1.5 GeV/c.

Also at PHENIX direct photons have been measured in Au+ Au collisions
at /sy = 200 GeV [12]. In Fig. a double ratio of the measured 7 over
7% ratio and the background ~ over 7° ratio is shown. The background was
calculated by simulations and the division by 7° spectra was done to cancel

4
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Figure 1.3 Integrated photon emission spectra from central Au + Au collisions at
RHIC. Short-dashed line (green): pQCD photons from primordial N-N collisions;
dashed-dotted line (red): thermal QGP radiation; long-dashed line (blue): thermal

hadron gas emission; solid line (purple): total direct photon yield.[9]

certain systematic errors. An excess > 1 is interpreted as the direct photon

contribution.

This is a convincing result for the presence of direct photons in Au +
Au collisions. However, in the pr region around 2 GeV/c the systematic error
of =~ 30% does not allow a final conclusion wether there is a thermal photon

contribution.

This thesis introduces a new method of photon measurements with PHENIX.
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Figure 1.4 Measurement of direct photons at WA98 [I1].

- 4.5
E C 0-10% Central Au+Au \s,, =200 GeV _
g, 4 :— — 1+('ypmn XN/ YVokga Vogelsang NLO ‘.‘.
‘é g == 1 op X Moo/ Vigga  Macaie = 0-5Pr 2.0pr &
ol;,'n 35 :_ - 1"‘('}’;03.) X Ngyd / (Ypp_uggu X Negy)
= af
3 -
E 2.5?
o E 2
__l‘:‘ o
= 15|
v
F PHENIX Preliminary
osb o . .
2 4 6 8 10 12
pr (GeV)
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In contrast to former analyses, we do not measure the photons themselves but
ete —pairs from beam pipe conversions. The PHENIX detector enables us
to measure ete —pairs with high accuracy in the momentum range from 1—

3 GeV/e.



Chapter 2

The PHENIX Experiment

The PHENIX experiment is one of the four experiments at the Relativistic
Heavy Ion Collider (RHIC) which is located at the Brookhaven National Lab-
oratory (BNL). RHIC was built to analyze the early state of the universe to
find evidences of the quark gluon plasma in Au+ Au collisions. The PHENIX
detector was designed to measure hadrons, leptons and photons with high
momentum and good energy resolution. PHENIX consists out of several sub-

systems which can be classified in three categories:

e Global Detectors

o The Central Arms

e The Muon Arms



The Global Detectors measure time and position of Au+ Au collision and

the multiplicity of the events.

The two Central Arms cover a rapidity range of £0.35 and each of them
covers each an azimuthal angle of 90°. They contain subsystems to measure
photons and electrons as well as hadrons. In the PHENIX coordinate system

they are called west and east arm.

The Muon Arms are at forward positions and cover the full azimuthal angle.
As their name implies these detectors measure muons. The north arm reaches
from n = 1.1 to n = 2.4 and the south arm from n = —1.1 to n = —2.2. Since
they are not used in the analysis they will not be explained in more detail.

For further information see [13].

In the PHENIX coordinate system the beam pipe is parallel to the z-axis
which points into the north muon arm. The x-axis points horizontally towards

the west arm. Thus the y-axis points in upward direction.

In Fig. 2.1 you can see the detector configuration which was used to take
the data this analysis is based on. The upper picture is a cutaway perpen-
dicular to the beam pipe and shows the subsystems of the central arms. The
Drift Chamber is the closest detector to the beam pipe. It is followed by the
Pad Chamber 1 and the RICH. In the west arm the Pad Chamber 2, the

Aerogel detector and the Pad Chamber 3 follow towards larger radii. The



Pb-scintillator (PbSc) Electromagnetic Calorimeter is the outermost detector.
There is no Pad Chamber 2 in the east arm but the Time Expansion Chamber,
the Pad Chamber 3 and the Time of Flight detector. The east arm has two
different types of Electromagnetic Calorimeters, the upper two units are PbSc
as in the west arm and the two lower units are Pb-glass (PbGl) calorimeters.

The lower picture shows a cutaway along the beam pipe with the Central
Magnet in the center. Going towards the north side you can see first the
Beam Beam Counter and the north muon magnet including the Muon Trackers
followed by the Muon ID detector and the Zero Degree Calorimeter. The order

of the detectors in south direction is the same.

2.1 Global Detectors

The global parameters of an Au + Au collision are measured by the BBC
(Beam-Beam Counters) and the ZDC (Zero Degree Calorimeter). These pa-
rameters are the vertex position in z-direction, the collision time and the mul-
tiplicity. Furthermore it is possible to reconstruct the reaction plane and the
centrality of an event with these global detectors.

The ZDCs [14],[15] are small hadron calorimeters with a total width of only
10 cm which are installed at all four RHIC experiments. The purpose is to
detect spectator neutrons which travel along the beam pipe and to measure
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Figure 2.1 PHENIX Detector configuration during Run 04. The upper picture

shows the central arm in a plane perpendicular to the beam pipe, whereas

figure the detector arrangement along the beam pipe displays.
11
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their total energy (multiplicity). They are placed 18 m up and downstream
the beam pipe behind the beam bending magnets so charged particles like
protons will be deflected out of the acceptance before they can hit the ZDC.
The ZDC coincidence of the two beam directions is a minimal biadl selection
of mutual beam interactions. This makes it useful as an event trigger and a
luminosity monitor. The neutron multiplicity is also known to be correlated

with event geometry

Figure 2.2 The Beam-Beam Counters.

The main role of the BBC [16] is to provide information about the collision
time for the ToF and to measure the collision vertex point (zy). They are
two identical arrays of 64 Cherenkov radiators which are read out by photo

multiplier tubes. They are placed at 1.44 m away from the interaction point

IEvery trigger to select collision events will bias the data sample. The term minimal bias

describes the selection with the smallest possible error.
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surrounding the beam pipe (see Fig. ; that corresponds to a pseudo rapidity
range of 3.0 to 3.9 over the full azimuth. In contrast to the ZDC, the BBC is

sensitive to charged particle produced in the collision

2.2 The Central Arm

The detectors in the central arms are designed to track charged particles, mea-
sure their momentum and are used for particle identification. The subsystems

of the central arm have different tasks and are introduced in the following.

2.2.1 The Central Arm Magnet

The Central Arm Magnet [I7] produces a high magnetic field wich is parallel
to the beam pipe to bend charged particles in azimuthal direction and enable
the momentum reconstruction in the Drift Chamber.

There are three major requirements for the Central Arm Magnet:

e No mass in the central arm detector aperture to minimize multiple scat-

tering and interactions with particles from the collision vertex.

e Low magnetic field integral in the region of the Drift Chamber and the
RICH to minimize errors in the track reconstruction and ring association.

13



e Control over the magnetic field strength to run with zero field configu-

ration

For the latter requirement there are two sets of circular coils in the central
magnet pole face (see Fig.[2.3)) which can be run with two different configura-
tions (adding “4++" or bucking “+-"). In the bucking mode the fields cancel
so the magnetic field integral for the region 0 < R < 50 cm is approximately
zZero.

This analysis was based on data taken during the “4++" configuration.

i, iy
PH- <ENIX

1 I Il 1 1 1

-4.0 -2.0 0.0 2.0 4.0 Z (m)

Figure 2.3 Magnetic field lines for the two Central Magnets in the combined “++”

mode.
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2.2.2 The Drift Chambers

The Drift Chambers [I8] are designed to provide the following functionalites:

e Measure trajectories in the r — ¢ plane and determine the pr of charged

particles.

e Provide z-position information together with the Pad Chambers and

determine the track’s polar angle # with the help of the z, information

from the BBC.

e Help to connect the information from the different subsystems to particle

tracks.

To achieve this the Drift Chambers have to fulfill a list of requirements:

Single wire resolution better than 150um in r — ¢.

Single wire two track separation better than 1.5 mm.

Single wire efficiency better than 99 %.

Spatial resolution in the z-direction better than 2 mm.

The Drift Chambers are two independent gas volumes in the east and the
west arm. Their volume is defined by a titanium frame shown in Fig. [2.4| which
has an extension of 2 m along the beam direction and reaches from 2 to 2.4 m

15



in radial direction. The Drift Chambers are operated with a mixture of 50 %

Argon and 50 % Ethane.

Ti frame

mylar window

Figure 2.4 DC frame [18].

Each frame is divided into 20 equally sized sections which cover an az-
imuthal angle of 4.5° each. Fach sector contains four cells with six units of
different wire types in the following order: X1, U1, V1, X2, U2, V2. X1 and
X2 wires are aligned parallel to the beam pipe for r — ¢ measurements. The U
and V stereo wires have an angle of ~ 6° towards the X wires, so they provide
information about the z-position of a track together with the Pad Chambers.
The angle was chosen to match the Pad Chamber z resolution and minimize
track ambiguities. Each sector contains 12 X and 4 U,V anode wires each. The

16



wire layout is shown in Fig. [2.5| The back and gate wires focus the electric

field lines to eliminate the left-right ambiguity.

Wire orientations, top view
oo V- plans
Ui U2 plases
Teriminatica wines
X2 - plarss -
L~ ¥ E !
¥ | Pack wire =]
Pt =
[og i =
W1 = planes Lo '
"
i PoTey T Ol wines
H] v -planes ".‘\5
Loy Tk Palentisl wire
i X1 - planes
anade pla
cathode plane U X v

Sector, side view

Figure 2.5 The layout of wire position within one sector and inside the anode plane

(left). A schematic diagram, top view, of the stereo wire orientation (right) [L§].

The sense wires were separated in two halves to satisfy the requirements
of efficient track recognition even for high track numbers (= 500) as they are
expected in central Au+ Au collisions. So the electrical read out of the north
and the south wires is done independently.

Fig. [2.6| shows how the momentum reconstruction is done with the Drift
Chambers. The angle o between the reconstructed particle trajectory and a
line which connects the collision vertex point with the particle trajectory at
the reference radius R = 220 cm is proportional to charge/pr. So an electron

17



with infinitely high momentum would be reconstructed with an angle o = 0

and a low pr particle is reconstructed with a large angle a.

inclination angle

/ N
X1/ " > g particle
! 5 \ \

reference circle
R=220cm

DC West Arm

Figure 2.6 The angle « is measured in the Drift Chamber. This angle is proportional

to charge/pr.

2.2.3 The Pad Chambers

The Pad Chamber system [I§] is the second subsystem which provides particle
tracking information. It determines space points along straight line particle
trajectories outside the magnetic field.

The innermost Pad Chamber called PC1 is located between the Drift
Chamber and the RICH. In the west arm the PC2 is mounted behind the

18



RICH and the PC3 follows in both arms right before the Electromagnetic
Calorimeters.

Due to their non-projective nature the Pad Chambers are important el-
ements for the pattern recognition. Furthermore, PC1 is used to determine
the three-dimensional momentum vector by providing information about the
z coordinate at the exit of the Drift Chamber.

They are also used as charged particle veto in front of the Electromag-
netic Calorimeter and to distinguish electrons from other particles by accurate
pointing of charged tracks to the RICH and Electromagnetic Calorimeter.

The design of the Pad Chambers was driven by several performance and

spatial constraints:

e Low occupancy in spite of a high charged particle multiplicity.

High efficiency and reliable hit information.

Good position resolution in the z direction.

e Low mass to minimize multiples scattering and secondary particle pro-

duction.

The Pad Chambers are multiwire proportional chambers which contain
each a single plane of wires inside a gas volume bounded by two cathode
planes. One cathode is finely segmented into an array of pixels (see Fig. [2.7]).

19



The charge induced on a number of pixels when a charged particle starts an

avalanche on an anode wire is read out through specially designed readout

electronics.
_— Anode wire
T Field wire
e ]
G
m
m—

] -— Center pixel

Side pixal —=- [

8.2mm

Figure 2.7 The pad and pixel geometry (left). A cell defined by three pixels is at

the center of the right picture [18].

2.2.4 The RICH

The Ring-Imaging Cherenkov [19] provides identification of charged particles
for the PHENIX central arm. The RICH is located between the inner and
outer tracking units in both arms. Fig. 2.8 contains a cutaway drawing of one
of the RICH detectors revealing the internal components. Each RICH detector
has a volume of 40 m?, with an entrance window area of 8.9 m? and an exit

2. The spherical mirrors focus Cherenkov light onto

window area of 21.6 m
two arrays of photo multiplier tubes, each located on either side of the RICH
entrance window.

The detector provides e/ discrimination below the m Cherenkov threshold,

20



which is for the used gas (CO2) 4.5 GeV /c. With the current setup a hadron

rejection factor of 1/300 is achieved.

CARBON FIBER
MIRROR SUPPORT
BEAMS

PMT DETECTORS
COOLING PLATE

INSULATION SHEET
AND BLOCKS

PMT FEED
THROUGHS.

ENTRANCE WINDOW

HIGH YOLTAGE
FEED THROUGHS,

Figure 2.8 A cutaway view of one arm of the PHENIX RICH detector [19].

2.2.5 The Electromagnetic Calorimeters

The Electromagnetic Calorimeters [20] in the PHENIX detector are used to
measure spatial position and energy of electrons and photons. PHENIX is
using two different types of calorimeters, in the west arm all four sectors are
PbSc calorimeters, which are sampling calorimeters. In the east arm the two
upper sectors are PbSc calorimeters as well, while the lower half of the arm
is equipped with PbGl, a Cherenkov detector. Both detector types provide a
very good energy, spatial position and timing resolution.

In total the EMCal system consists out of 24,768 individual detector mod-
ules. Each PbSc module is made of four towers (shown in Fig. 2.9 which

21



contains 66 sampling cells — alternating tiles of Pb and scintillator. Photo
tubes at the back of each tower read out the produced light. PbGl modules
are comprised to a supermodule in groups of 24.

The EMCal is mainly designed for direct photon measurements, electron

identification and neutral meson measurements via their v+ decay channel.

Framnt

Wavelength

Module 2 e shifling fibers

Layars of lzad and
scintillator tiles
{sampling cells)

Phototubes
attached here 5

Figure 2.9 Cutaway of the PbSc calorimeter module [20].
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Chapter 3

Analysis

The basic idea of this analysis is to reconstruct photons which converted in
the material of the beam pipe into ete”—pairs . The way electron tracks are
reconstructed in the PHENIX detector lets beam pipe conversions appear as
a peak at 20 MeV/c in an eTe —pair mass spectrum. This enables a clean
identification of these conversion electrons down to a momentum cutoff at 150

MeV /c.

3.1 Dataset and Run Selection

This analysis is based on the data reconstructed from Au + Au collisions at
Vsnn = 62.4 GeV collected during the run in year 2004.

The list of used runs can be found in App. [A] The analyzed data files
passed the online minimum bias trigger threshold, which requires that two

23



photo tubes are hit both in BBC north as well as the BBC south.
We only selected events inside these runs which fulfilled the following re-

quirements:

e Minimum Bias event (BBC north and south have both at least 2 fired

photo tubes)
e BBC z vertex < 25cm

About 31.4 million events passed this event selection criteria.

3.2 Electron Identification

The first step in order to identify photon conversions in the beam pipe is to
select electrons from all produced particles in each event. To accomplish this
we can use the different detector subsystems.

We begin by requiring a charged particle which fulfills certain quality crite-
ria. For our analysis we require a track quality of 63, 51 or 31. These numbers
represent bit patterns which have the following meaning (a complete list of all

bit patterns can be found in Tab. :

e (63: Hits in the X1 and X2 wires of the DC as well as unique hits in the
UV stereo wires and a unique PC1 choice.

24



e 51: Hits in the X1 and X2 wires of the DC as well as unique hits in the

UV stereo wires and more than one choice in PC1.

e 31: Hits in the X1 and X2 wires of the DC but no hits in the UV stereo

wires and more than one choice in PCI1.

meaning PC1 unique | PC1 found | UV unique | UV found | X2 used | X1 used
bit position ) 4 3 2 1 0
decimal value 32 16 8 4 2 1

Table 3.1 Available bits to characterize the hit quality

49,50,51|11100xx
61,62,63 | 1111xx
17,18,19 1 0100 x x
21,22,230101xx

29,30,31 | 0111xx

PC1 found/unique, no UV

PC1 found/unique, UV found/unique
PC1 found/ambiguous, no UVs

PC1 found/ambiguous, UV found but tied

PC1 found/ambiguous, UV found w/ one best choice

Table 3.2 List of valid bit patterns for the DC track quality [21]

In the next step we limit our number of electron candidates by a momentum

cut. To eliminate electrons created by conversions in the detector material, e.g.

the Drift Chamber frame, we used an upper threshold of 20 GeV /c. Electrons

which are created close to the Drift Chamber are not bent in the magnetic
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field which leads to a ~ 0. Since o ~ ]% this leads to an wrong and too large
momentum. Moreover we set a cut on low momentum tracks at 150 MeV /c.
Electrons with lower momentum would be bend too strong by the magnetic
field and would not reach the detector arms.

To clean the sample of tracks from hadronic background we use information

from the RICH detector.

e n0 > 3: The number of fired photo tubes within the association area

around the track.

e n3 > 1. Number of photo tube in the same area as n0 but with additional

timing requirement.

e disp < 5: Displacement of the ring center with respect to the track

projection

e \*/nped < 10: x2 is in units of cm? for the ring shape and npe0 is the

number of photoelectrons summed over the ring area

Due to the low mass of the electron the energy it deposits in the Elec-
tromagnetic Calorimeter is as big as its momentum measured by the Drift
Chamber. So the ratio of shower energy and momentum is equal to one but
smeared with a Gaussian due to the limited energy resolution of the Elec-
tromagnetic Calorimeter at low pr; and at high pt due to the momentum

26



resolution of the Drift Chamber.

g
ﬁ = \/().8 %2 + (pr-0.91 %)* (3.1)
. 5.9 %

= 08 %+

= = (3.2)

So we cut in range of 0.7 < E/p < 2.0 and require as a last cut a 50

matching either in PC3 or in the Electromagnetic Calorimeter.

3.3 Monte Carlo Simulations

For this analysis we simulated 10 million 7° decays with EXODUS, which is
a phenomenological event generator that allows to simulate the phase space
distribution of relevant electron and e*e™—pair sources [22]. These 7° decays
are simulated flat in a rapidity range of —0.6 < y < 0.6, an azimuthal range 0 <
¢ < 27 rad and flat in pr from 0 to 10 GeV /c. The tracking of the generated
particles and their decay product is done with the PHENIX detector model
which is described in PISA (PHENIX Integrated Simulation Application) a
GEANT-3 [39] based simulation code [23]. Afterwards these events pass trough
the same track reconstruction algorithms as is used for real event data.

In order to get a realistic pr distribution we used the preliminary =°
pr spectrum for /syy = 62.4 GeV minimum bias from PHENIX Analysis
Note 292 [24] shown in Fig.
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Figure 3.1 Preliminary 7° pr spectrum [24].
A fit of this spectrum with a function of the form:
A
f(pr) (3.3)

(e®PT + pr/po)"”

gives the following parameters:

A = (302.2 £374.9) ¢*/GeV?
a = —0.31740.1919
po = (1.561+£0.204) GeV/c

n = 13.28£1.62

The large errors can be explained with the big pt range we fit. The function
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covers 13 orders of magnitude in the simulated pr range. The reduced 2 is
3.827/9.

The fit result is used as a weighting function for the Monte Carlo simulation
whenever we compare it to the real data. It is important to notice that the
fit is done for a spectra z% ;lT]\; as where many plots in the following will have
the form of fl%. We will take this additional factor pr into account when we

weight such distributions.

Due to the low conversion probability in the beam pipe (P ~ 0.2 %)
P = 1.0—exp(=7/9 x/Xo) (3.4)
x = 03%-Xo

most of the simulated events will not result in a detectable ete™—pair . There-
fore we produced a second modified Monte Carlo simulation with larger conver-
sion probability. We could not just change the beam pipe material (e.g. Pb or U)
to decrease the radiation length, because that would increase the conversion
probability on the one hand, but on the other hand it would also increase
multiple scattering. So instead we went back to the very beginning of the
simulation process and decreased the average path length to the next pair
production process for Be by a factor of 20. At the same time we changed the
branching ratio of the 7° Dalitz decay to keep the ratio between Dalitz pairs
and conversion pairs constant. The branching ratio for the two Monte Carlo
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simulations are as follows:

original | modified

70—y y 98.802 % | 76.04 %

7 —yefe” | 1.198 % | 23.96 %

As we will discuss in Section (3.5 we will take into account the differences
between these two simulations by an extra correction factor.

Fig. 3.2 shows « as a function of ¢ as a comparison of electrons generated
with the Monte Carlo simulations and the real data. This plot represents the
active area of the Drift Chamber in simulation and real data. For comparison
we use the same electron identification cuts and scale the Monte Carlo simu-

lation with the ratio of the real data’s integral and the simulation’s integral.

3 [rad_L

I

02 0.2

; : P
Z3 . - R R
L 5 LoEim
P ATy wuli ﬂeﬁ?#|||rr||
1050 05 1 15 2 25 3 35 4 -1-05 005 1 15 2 25 3 35 4
glrad] o [rad]

Figure 3.2 Comparison of the active area between Monte Carlo Simulation and real

data.
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Besides the nice separation between the west (¢ < 1.5 rad)and the east arm
(¢ > 1.5 rad) you can see two kind of structures in the detector acceptance.
The vertical once originate from deactivated keystones in the Drift Cham-
ber. Due to the short run period with 62.4 GeV we were rather interested in
more stable acceptance than in a higher but varying acceptance. The diagonal
stripes are from the structure of the Electromagnetic Calorimeter. The bor-
ders between two sectors are projected as diagonals onto the Drift Chamber
acceptance. For a given ¢ which is a fixed point at the Drift Chamber a runs
over the EMCal and hits for certain values of o a sector edge. These values
depend linear on ¢ which leads to the diagonal stripes in the acceptance plot.

In this figure there are two areas of disagreement between the Monte Carlo
Simulation and the real data. For small o and small ¢ as well as for large «
and large ¢ there are wholes which are not understood entirely. We take this

into account in the systematic uncertainties.

3.4 eTe —pairs

Once we have found all electrons in one event we can go ahead and combine
them to pairs. One can imagine that we get two groups of pairs like sign pairs
(electron — electron or positron — positron) and unlike sign pairs (electron —
positron), respectively.
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For each combination of electrons and positrons we calculate their invariant
mass which is the mass of their parent particle. m? , = (pe+ + pe—)2 with p.+,
pe— Trepresenting the 4-momentum vector of the positron and the electron,
respectively.

An invariant mass spectra up to 0.1 GeV/c? is shown in In this
spectrum you can see three major components, first the very clear peak at
5 MeV /c? with its decreasing yield towards higher masses which comes from
Dalitz decays m — yeTe™. Due to the momentum cut at 150 MeV /c for the
electrons we observe a cutoff in the increasing Dalitz spectrum at low masses.
There is a second dominant peak at 20 MeV /c? on top of the Dalitz decays.
This peak is caused by 7 conversions v — e*e™ in the beam pipe. These v
have two sources, meson decays like 7 — ~~ and direct photons. It is the
goal of this analysis to extract this peak from all other ete™—pairs . Towards
higher masses the pairs are created by < conversions in the air between the
beam pipe and the PHENIX detector arms. The next section will explain in

detail the origin of the invariant mass of v conversion pairs.
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Figure 3.3 Invariant mass spectrum of ete~—pairs . The peak at 20 MeV /c? comes
from photon conversions in the beam pipe material. The Dalitz decays peak at lower
masses and have a tail up to the 7% mass of 134 MeV/c?. At higher masses there

air conversions and combinatorial background start to dominate the spectrum.

3.4.1 Photon Conversions in PHENIX

Conversions from real photons as we are interested in do not have an invariant
mass. The fact that we see v conversions in PHENIX at invariant masses
different from 0 MeV/c is due to the way we reconstruct electrons in PHENIX.

The transverse momentum of a charged particle is measured in the PHENIX
drift chamber. As mentioned in Chapter [2 we can measure the angle between
the track of a charged particle which was bent in the magnetic field and the
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reference radius. This angle « is proportional to charge/pr.

In the case of beam pipe conversions we have a photon emerging from the
collision vertex and penetrating the beam pipe. The beam pipe has a radius
of ~ 4 cm. With a conversion probability of 0.2 % there will be an ete™—pair
created which will be detected in the detector if the electron and the positron
are within the acceptance. In contrast to the photon the electrons will be bent
by the magnetic field produced by the central arm magnets. This magnetic
field has a direction parallel to the beam pipe which means in the PHENIX
coordinate system only a Z component. This has two effects on the eTe —pair

which will be explained in the following:

e The pair obtains an artificial azimuthal opening angle

e The electron’s transverse momentum is improper reconstructed

The electron’s pr is improper reconstructed because the reconstruction
algorithm traces back the origin of the electron to the collision vertex. For
a given « in the drift chamber the angle reconstructed azimuthal angle at
the collision vertex ¢ is always larger than the real azimuthal angle @5
in conversion vertex (see Fig. [3.4)). For the positron we observe the opposite
effect ¢{° is always smaller than @} ™°.

This causes the reconstructed pr to be larger than the real pr, because
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reconstructed
particle track

Drift Chamber
reference radius

beam pipe

Figure 3.4 Track reconstruction in the Drift Chamber. For a given « in the DC the

reconstructed angle ¢p°“ of a particle which was created in the beam pipe is larger

than the true azimuthal angle p§™.

the electron was assumed to travel through the magnetic field integral further
than it really did.

inv

oo [e.e]
/Bdl> /Bdl;»p;ew>p¥“e;»m2 >0 (3.5)
0 Tb. p.
Due to this higher pr, the ete™—pair acquires an additional mass which
is to first approximation proportional to the distance from the origin of the

PHENIX coordinate system.
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My, = (Per +pe)’ (3.6)
= (Bt + E-) = (P + - )’
= B> 4+2E.+ E. +EX —p% — 2Pt - P — P
= 2 ||[pe+l - [|Pe- || (1 —cos¥)

Miny = V2 (p) Sing (3.7)

We can distinguish two different constellations of ete™—pairs we detect in
PHENIX (see Fig. . For the first, the conversion photon has a low pr. The
pair splits up with a large opening angle so that the electron hits one arm and
the positron the opposite arm. These events are due to there small acceptance
in PHENIX rare compared two the other case: both particles — the electron
and the positron — hit the same arm, either the west or the east arm. In this
analysis we focus only on these kinds of events limiting the photon pr range
to above 0.8GeV/c. A future analysis of the low pr photon conversions may
be able to measure a photon pr spectrum down to 400MeV /c, see Fig. [3.6]

In the following we will strictly separate between eTe™—pairs which hit the
west arm and the pairs which hit the east arm. We do this for several reasons.
The most important one is that the conversion peak has slightly different
apparent masses in the invariant mass spectrum (see Fig. [3.12)). The reason
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West Arm East Arm

Collision Vedéx

Beam Pipe

Figure 3.5 There are two ways ete™—pairs can hit the PHENIX detector arms. The
red eTe”—pair hits both detector arms as where the blue ete™—pair is measured in

one arm.

10

-

°4|H|‘

imhil

pair-p,. iGeWc]

Figure 3.6 eTe —pairs pr spectrum. In red you can see eTe —pairs where the
electron hit a different arm than the positron. In blue you can see e™e™—pairs where

electrons and positrons hit the same arm. The black line is the sum of red and blue.
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is that the beam axis and the center of the beam pipe are not the same. The
beam axis is determined by the track origins in zero field runs, whereas the
beam pipe is fixed and has an independent center.

Furthermore we can calculate the geometry of the pair, e.g. its azimuthal
and polar direction or the opening angle which is the angle between the mo-

mentum vector of the electron and of the positron.

Epair = Arccos (%) (3.8)
[P+ ]| - |-l

This information is important to isolate beam pipe conversions from other

electron pair sources as Dalitz decays 7° — v ete™.

3.4.2 Pair Cuts

Once we have an invariant mass spectrum of ete —pairs we extract the peak
from beam pipe conversions. For this, we have to find properties which distin-
guish Dalitz decays from conversion pairs.

The major difference between Dalitz decays and conversion pairs is their
opening angle. The photon conversions have only a small opening angle be-
cause a photon doesn’t have a mass which can contribute to the opening of
the pair. This means that the electron and the positron fly in almost the same
direction as their parent photon did. Whereas the 7° has a mass which can
open the ete”—pair with an arbitrary orientation in space. Once the ete™—pair
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is created the Lorentz force caused by the magnetic field, which is parallel to
the beam pipe, acts only in azimuthal direction and it will deflect electrons
always in the same direction and positrons always in the opposite direction,
since they differ in charge. If we define the azimuthal opening angle of the
ete —pair as the azimuthal angle of the electron minus the azimuthal angle of

the positron:
Ay =g (e7) — o (e¥) (3.9)

we will obtain a parameter which has always the same sign for conversion pairs,
because the magnetic field dominates the opening of these pairs compared to
their intrinsic opening angle. In contrast, we will get an almost symmetric
distribution around zero radians for Dalitz decays. In the case of Dalitz decays
the main contribution of the opening angle comes from the 7 mass. The small
asymmetry can be explained by the effect of the magnetic field which still works
in the same direction even for Dalitz decays. The distribution of Ay is shown
in Fig. for all ete —pairs (black line), Dalitz decays (red) and conversion
pairs (blue) as a result of a Monte Carlo simulations. The Ay distribution
for real data is plotted in Fig. [3.8]

As we can see photon conversions have for the field setting during the
Vsnny = 62.4 GeV run a negative Ay in the PHENIX coordinate system.

Another consequence of the small opening angle of the photon conversion
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Figure 3.7 The azimuthal opening angle of eTe —pairs from photon conversions
(red line) has always a negative sign, where as the Dalitz decays are distributed

almost symmetrical around 0. The black line represents all simulated e*e™—pairs .

pairs in the beginning is their well defined orientation in the magnetic field.
In the moment of creation of the pair — either by a photon conversion or
in a Dalitz decay together with a photon — the pair’s opening angle has no
preferred direction neither in azimuthal (¢) nor in polar (9) direction. The
plane in which the pair splits up is defined by the momentum vectors of the
electron and the positron. Thus, we can specify an orientation of this plane
with respect to the plane perpendicular to the magnetic field, which is the x-
y-plane in the PHENIX coordinate system. We define the angle ¢ p,;, between
these to planes as follows:
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Figure 3.8 The azimuthal opening angle of eTe™—pairs in Au + Au collisions at

VENN = 62.4GeV.

A’l?() = 190 (6_) - 190 (€+) (310)

Epair = Arccos (M) (3.11)
||pe* || ’ ||pe+||
AY

Ypair = arcsin ( O) (3.12)
Pair

So this angle is a measure for the contribution of the opening in polar
direction Avy to the opening angle £pg;-. Or in other words what is the
contribution of the magnetic field to the orientation of the pair, because it will
only influence the opening angle via Ayy but not Ady. Fig. illustrates the
orientation of the two planes.

Thus, photon conversions will have a sharp distribution around zero radians
in Ypui, and ete —pairs from Dalitz decay a rather flat distribution. The
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Figure 3.9 Schematic of the pair ordination in the magnetic field. The orange plane
is spanned by the momentum vectors of the ete™—pair . The gray shaded plane is
the x-y plane which is perpendicular to the magnetic field. The magnetic field is

parallel to the beam pipe which is represented by the z axis.

spectrum is shown in Fig. as a result of a Monte Carlo simulation and in
Fig. for real data. These effects lead to a cut on the sign of the azimuthal

opening angle (Agg < 0 rad) and on |Ypa| < 0.2 rad.

3.4.3 Peak Extraction

Knowing these two parameters, the azimuthal opening angle Ay, and the
orientation in the magnetic field ¢ p,;-, we are now able to extract the beam
pipe conversion peak in the invariant mass spectrum, with the following set of
cuts:
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Figure 3.10 The azimuthal opening angle of ete™—pairs from photon conversions
(red line) has always a negative sign, where as the Dalitz decays are distributed

almost symmetrical around 0. The black line represents all simulated e*e™—pairs .
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Figure 3.11 ¢ py;- is the angle between the plane perpendicular to the magnetic
field and the plane which is spanned by the momentum vectors of the eTe™pair in

Au + Au collisions at /syy = 62.4GeV.
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e Momentum: 0.150 GeV/c < pr <20 GeV/c

e DC track quality: 63 || 51 || 31

e RICH: n0 > 3 && n3 > 1 && disp < 5 && x?/npel < 10 cm?

e Energy-momentum ratio: 0.7 < E/p < 2.0

e Matching cuts: \/Ap%os + Azt <50 || /ApLyo + Az < 5o

e Polar opening angle: Ay, < 0 rad

e Pair orientation: |[¢py;,| < 0.2 rad

The result is shown in[3.12, We can still spot a few eTe™—pairs from Dalitz
decays at masses below the conversion peak. To get rid of this background
(S/B ~ 1/8) we use Monte Carlo simulations. Therefore we compare the
simulated invariant mass spectrum with the real data in a mass range where
we do not expect any conversion pairs (0 < m;,, < 0.01 GeV/c?). We scale the
simulated spectrum in this area so the integral underneath matches the real
mass spectrum. Afterwards we subtract the scaled Monte Carlo simulations
from the real data invariant mass spectrum over the whole range.

With this method we obtain a clean photon conversion peak. You can see
the invariant mass peaks for eight pr bins with a bin width of 200 MeV/c

44



B &8 B 8

004 005 006 007 008 009 0.1
[GeVic?]

oQ
.o_
pq I
Qr
ol
Py
ok

I.nF'aIr

Figure 3.12 Invariant mass spectrum after applying pair cuts. In red you can see

pairs in the east arm and in blue pairs in the west arm.

in Fig. [3.13] for the east arm and in Fig. |3.15] for the west arm,

respectively.

0.8<pr<10GeV/c 1.0<pr<12GeV/c
1.2<pr<14GeV/c 14<ppr <16 GeV/c
1.6 <pr <1.8GeV/c 1.8 <pr<20GeV/c

20<pr<22GeV/ec 22<pr<24GeV/c

The number of events underneath the conversion peak is summed up to fill
a raw photon pr spectrum shown in Fig. [3.17]

In the next section we are going to calculate the necessary corrections to
obtain a final photon pr spectrum.
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Figure 3.13 Subtracted eTe —pair mass spectrum in the east arm; 0.8 < pt <
1.0 GeV/c (upper left), 1.0 < pp < 1.2 GeV /c (upper right), 1.2 < pp < 1.4 GeV/c
(upper left) and1.4 < pr < 1.6 GeV/c (lower right). Green: unsubtracted mass
spectrum, red: scaled Monte Carlo Dalitz mass distribution, blue: subtracted mass

spectrum.
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Figure 3.14 Subtracted eTe —pair mass spectrum in the east arm; 1.6 < pp <

1.8 GeV/c (upper left), 1.8 < pp < 2.0 GeV /c (upper right), 2.0 < pp < 2.2 GeV/c

(lower left) and 2.2 < pr < 2.4 GeV/c (lower right). Green: unsubtracted mass

spectrum, red: scaled Monte Carlo Dalitz mass distribution, blue: subtracted mass

spectrum.
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Figure 3.15 Subtracted eTe —pair mass spectrum in the west arm; 0.8 < pp <
1.0 GeV/c (upper left), 1.0 < pp < 1.2 GeV /c (upper right), 1.2 < pp < 1.4 GeV/c
(upper left) and1.4 < pr < 1.6 GeV/c (lower right). Green: unsubtracted mass
spectrum, red: scaled Monte Carlo Dalitz mass distribution, blue: subtracted mass

spectrum.
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Figure 3.16 Subtracted e*e”—pair mass spectrum in the west arm; 1.6 < pp <
1.8 GeV/c (upper left), 1.8 < pp < 2.0 GeV /c (upper right), 2.0 < pp < 2.2 GeV/c
(lower left) and 2.2 < pr < 2.4 GeV/c (lower right). Green: unsubtracted mass
spectrum, red: scaled Monte Carlo Dalitz mass distribution, blue: subtracted mass

spectrum.
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Figure 3.17 Uncorrected photon pr spectrum in the east arm (red) and the west

arm (blue).

3.5 Correction of modified MC Simulation

As mentioned in Chapter our correction function will be based on the
modified branching ratio so we have to take the change into account. Therefore
we plot the ete —pair pr spectra of beam pipe conversions for the modified
and the unmodified MC simulations for the east arm Fig. and for the
west arm Fig. [3.19] respectively. Than we calculate the ratio of the integrals
underneath the two spectra. For the pairs in the west arm the ratio is: 17.25

and for the east arm: 17.03.

This is what we expect from the change of the average path length to the
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next pair production process in Be, as the following calculation shows:

e Unmodified conversion probability:

Poony =1 —exp(7/9-2/Xo) with: 2 =0.3 % X, (3.13)

e Modified conversion probability:

P =1—exp(7/9-2%/Xo) with: 2" =6.0 % - X, (3.14)

conv

e Ratio of number of photons from modified and from unmodified conver-

sions (modified 7° branching ratio is taken into account):

(2-76.04 % +1-23.96 %) - P,
(2-98.802 % + 1- 1.198 %) - Peony

Fig. and Fig. show that the assumption of a pr independent ratio

vs. pr is legitimate within errors.

3.6 Correction for Acceptance and Efficiency

To correct for acceptance and efficiency losses we used a Monte Carlo simula-
tion of 7° decays in the PHENIX detector. We compared the input spectrum
of photons with the reconstructed ete™—pairs from beam pipe conversion. The
ratio is used as a correction function for the raw photon pr spectrum.
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Figure 3.18 Comparison of the modified (red) Monte Carlo pp spectrum with the

unmodified (blue) pt spectrum in the east arm.
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Figure 3.19 Comparison of the modified (red) Monte Carlo pp spectrum with the

unmodified (blue) pp spectrum in the west arm.
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Figure 3.20 Ratio of the modified Monte Carlo pt spectrum and the unmodified

pT spectrum in the east arm.
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Figure 3.21 Ratio of the modified Monte Carlo pr spectrum and the unmodified

pT spectrum in the west arm.
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In Fig. [3.22] and we can see the ratio of the input photon pr spectrum
and the modified output spectrum of beam pipe conversions for the east and
the west arm, respectively. The output spectra are obtained by doing all
analysis steps which are done for the real data spectra in Fig. [3.17]

To compensate the statistical fluctuation of this ratio we fit the data with

a function of the following form:
flpr) = e PP 4 ¢ (3.15)

in a pr range 0.5-5 GeV/c. The fit result is summarized in Tab

Parameter East Arm West Arm
a 13.29+0.48 13.17+0.48
b [¢/GeV] 1.8740.32 1.6940.32
c 2133.464+117.27 2412.53+1524.88

Table 3.3 Fit Parameter of the correction functions for east and west arm

Once we have all the correction factors together we apply these on the
spectra in Fig. [3.17] The result is shown in Fig. [3.24]

The lowest point of interest at 0.8 GeV/c is not well represented by the
fit (both in east and west arm) we will correct the points at 0.8 GeV/c in the
uncorrected photon spectra Fig. [3.17] with the bin value instead of using the
fit value.
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Figure 3.23 Correction function for the detector acceptance and reconstruction

efficiency in the west arm.
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3.7 Cocktail Comparison

In this section we compare our data with a photon pr spectrum as one would
expect from hadronic sources. The EXODUS event generator (see Chapter
was used to produce such a photon cocktail. It includes the following light

meson decays:

o 0 — vy, 0 — yeTe~

e n— 7y, n—yete”

[ u}—>’7ﬂ'0

o =y, —=yetem, n = yp ) —w
e o—

For the cocktail ingredients EXODUS will use available PHENIX measure-
ments where available. If there is no PHENIX measurement, EXODUS will
take the charged and neutral pion spectra and use mr scaling to simulate the
shape of the spectrum. Furthermore it needs the ratio of yields taken at high
pr for a proper normalization. A detailed description of the cocktail can be
found in [22],[25] and [26].

Fig.[3.25—[3.28 show a comparison of the cocktail with the corrected photon

pT spectra.

57



minimum bias Au+Au @ \'s = 62.4 GeV

all photohns

0 — vy & vee

n— vy &yee

\.\\ﬁ**

10® C \
N
1 0'9 | | | | | | | | | | | | | | | | \ | | |
0 1 2 3 4 5
p; [GeVic]

Figure 3.25 Comparison of corrected photon pr spectrum with cocktail for east
arm. Shown are the total photon spectrum (black line) and its components. The

photon pr spectrum of this analysis is plotted in blue points.
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Figure 3.26 Zoom into the comparison of corrected photon pt spectrum with cock-
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nents. The photon pr spectrum of this analysis is plotted in blue points.
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Figure 3.27 Comparison of corrected photon pr spectrum with cocktail for west
arm. Shown are the total photon spectrum (black line) and its components. The

photon pr spectrum of this analysis is plotted in blue points.
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Chapter 4

Systematic Errors

The following chapter summarizes the systematic errors of this analysis. There
are different sources which contribute to the total systematic uncertainty. The
choice of electron identification cuts together with cuts to extract beam pipe
conversion ete”—pairs are subject of the first section. The cocktail will be

discussed afterwards.

4.1 Electron ID and Conversion Cuts

To estimate the systematic error for each electron identification cut we com-
pare for each parameter the fully corrected ete™—pair pr spectrum of beam
pipe conversions for the normal set of cuts with a slightly stronger and a
slightly looser cut on the according parameter. Fig. — show the plots
for the associated systematic errors. We obtain the systematic error for a par-
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ticular cut by dividing the difference of the pr bin with the largest difference
between the looser and the stronger cut choice by /12, since we assume a flat
distribution inside each pr bin.

The systematic uncertainty of the Monte Carlo Simulation is automati-
cally taken into account, because we compare the acceptance and efficiency
corrected pr spectra. If the description of the Monte Carlo Simulation was
ideal, all ratios were zero, because the correction function took care of the
differences.

Tab. lists all systematic errors from electron identification and beam

pipe conversion cuts:

Systematic East Arm  West Arm

n0 7% 10 %
n3 2% 1%
x?/npe0 5% 9%
displacement 12 % 10 %
e/p 3% 4%
pair cuts 12 % 9%
total 19 % 20 %

Table 4.1 Systematic errors from electron and conversion cuts.
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Figure 4.1 Systematic uncertainty of cuts in the east arm. Shown are plots for n0

(upper left), n3 (upper right), x2/npe0 (lower left) and disp (lower right).
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Figure 4.2 Systematic uncertainty of cuts in the east arm. Shown are plots for E/p

(left) and conversions (right).
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Figure 4.3 Systematic uncertainty of cuts in the west arm. Shown are plots for n0

(upper left), n3 (upper right), x2/npe0 (lower left) and disp (lower right).
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Figure 4.4 Systematic uncertainty of cuts in the west arm. Shown are plots for E/p

(left) and conversions (right).
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4.2 The Cocktail

For the Cocktail of simulated v sources in Au 4+ Au collisions at /syy =
62.4 GeV exists only an estimate of the systematic uncertainty. From other

cocktails ([22], [25] and [26]) one estimates an overall systematic error of 15 %.
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Chapter 5

Result and Summary

In this thesis we presented a new method to measure thermal photons in
Au+ Au collisions in PHENIX. We showed that we are able to extract photon
conversions in the beam pipe from other ete —pair sources. We achieved a
photon spectra in a pr region 0.8-2.4 GeV/c which agrees with the cocktail

within the errors.

In Fig. we show the comparison of the photon spectrum (east and west
arm combined) in comparison with the cocktail. Furthermore we present a

ratio of measured y and the cocktail in Fig. [5.2]

With the result of this thesis it is not yet possible to see a photon excess
in the ratio of measured v and simulated v Fig. Two major issues are
responsible for this:

On the one hand we suffered from the low statistics of the analyzed \/syny =
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The systematic error of the cocktail is drawn as error band around 1.
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62.4 GeV dataset, since this method is very sensitive to the available statistics;
only 0.2 % of all photons convert in the beam pipe material.

On the other hand, the errors in the current analysis is dominated by the
systematic uncertainties. The main reason for the high systematic uncertain-
ties is the insufficient understanding of the Monte Carlo simulations. We have
to improve the agreement between the simulation and the real data which was
not possible within the scope of this thesis.

In the future a better understanding of the simulation should enable us
to decrease the systematic errors to a level of ~ 10 %. Future analysis of
the \/syn = 200 GeV dataset will also benefit from the statistic which is a
multiple of the /syy = 62.4 GeV. Than it may be even possible to obtain

photon pr spectra for different centrality classes.
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Appendix A

Run List

122470, 122472, 122473, 122596, 122597, 122604, 122642, 122644, 122673,
122679, 122680, 122681, 122731, 122735, 122736, 122738, 122740, 122769,
122783, 122784, 122785, 122786, 122846, 122847, 122849, 122850, 122851,
122893, 122894, 122896, 122929, 122931, 122942, 122943, 123037, 123039,
123064, 123068, 123069, 123119, 123120, 123121, 123202, 123203, 123222,
123227, 123235, 123247, 123250, 123335, 123340, 123341, 123347, 123348,

123354, 123356, 123357, 123367, 123369, 123440, 123441, 123442.
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